XDR -Extensively drug-resistant

Introduction
For a disease that should largely be under control, tuberculosis (TB) still claims over 1.5 million lives every year with children accounting for 140,000 of them. 1 Amongst the multiple factors that contribute to the success of the disease are the recalcitrant nature of the causal pathogen Mycobacterium tuberculosis and the growing drug-resistance acquired by it through decades of treatment with a fixed regimen of drugs. Lengthy diagnostic procedures, incorrect diagnoses followed by inadequate prescription of treatment enable resistant strains to spread within and outside communities. This is further complicated as TB is largely associated with resource-poor countries that have high population densities where contact tracing programmes are compromised due to lack of infrastructure. 2 However, the bleak environment has fuelled the need for innovative, rapid and accurate diagnostic tests based molecular techniques such as the GeneXpert® MTB/RIF that are being widely used all over the world. 3 These technologies require further development to suit the need of the hour in poor areas with low infrastructural support. For effective control of the disease, advances in diagnosis must be mirrored by the advent of effective therapeutics to treat the infection.
Antimicrobial drug discovery is often viewed as a high-risk/low-reward endeavour and this sector was ignored by the pharmaceutical companies and concurrently overlooked by public health policies alike. This has resulted in a critical shortage of novel drug entities in clinical trials. As extensively drug-resistant (XDR)-TB has now been detected in 105 countries, the US FDA has granted accelerated options for anti-TB drug development. 1 After around halfdecade of no novel drugs for treatment, multi-drug resistant (MDR) TB patients finally have the option, albeit under strict regulations, of receiving bedaquiline or delamanid for treatment. 4, 5 The public cost of TB treatment in most cases ranges between US$ 100-500 increasing to US$ 10,000 in the case of MDR TB patients. 1 The rise of antimicrobial resistance (AMR) has been predicted to cost the global economy between £2.1 trillion to over £100 trillion in the year 2050, based on the interventions taken and their effectiveness. 6 This burden would be a direct outcome of the predicted annual loss of 10 million lives in their most productive years if AMR was to spread without control. TB holds a major share of the burden caused due to AMR. Adding to this, the impact of TB in animal husbandry has severe implications as there are no vaccines or practical, cost-effective means of treating infected animals. Parts of Wales in the United Kingdom have reported a staggering increase in the number of cattle slaughtered owing to bovine TB. 7 These cullings have put an inadvertent strain on the animal farming industry and local governments.
In today's global world and economy, an amalgamation of efforts starting from the student at the bench needs to go through to the supply chain which eventually lands the finished diagnostic or therapeutic product used at the point-of care or by the patient's bed.
Scientists need to understand the ground realities and the difficulties faced by healthcare workers to come up with effective solutions and strategies. In a similar manner, physicians need to be informed of the latest advancements in basic sciences research to generate quicker feedback mechanisms that can highlight areas of pressing need for development. It is therefore essential to initiate lines of communication between these diverse set of individuals united by their efforts to control TB.
The TB Summit 2016, the third such event organised by Euroscicon, was fittingly held at North Greenwich, London (UK) as it is one of the boroughs with the highest incidences of TB in London. [8] [9] [10] The three day event was well attended with representatives from universities and government agencies from all over the world. The informative oral presentation and poster sessions were categorised for a systematic discussion on the different aspects of TB as is discussed in more detail in the following sections of the report.
Tuberculosis: the disease, the pathogen and the host
Studying the spread of tuberculosis TB, in its most common form is an air-borne disease that invades the lung tissues and resides in the macrophages and other phagocytic immune cells of the host. The host immune responses serve to sequester the organism in compartments known as granuloma. 11 These granulomas mature further to form necrotic lesions which are finally broken down by mechanical shear and released into air by the act of coughing or talking by the infected persons. 12 Though the airborne route for transmission is widely accepted, adequate investigation into the different stages of disease, namely: expulsion of bacteria, transmission via air, inhalation and infection of new host needs to be carried out.
The act of coughing is considered important for TB transmission as it is a common symptom of pulmonary TB. As M. tuberculosis is encased within the lung cavities in thick biofilms a lot of force is required to shed the bacilli into the airways and out. Coughing releases more droplets than other manoeuvres such as talking or singing as higher force is involved in the former act and is thus considered to be the major factor involved in the transmission mechanism. 13, 14 Several studies studying cough patterns and household transmission have shown that patients cough more during the day than at night and that cough frequency is an important predictor of transmission. 15, 16 As noted by Richard Turner (NHS Foundation Trust, UK), the act of coughing in the context of infectiousness of TB has not been looked into. The cause of cough in a TB patient; its necessity for the transmission of TB, correlation with infective/non-infective strains of the pathogen and characteristics of the optimum cough droplet for disease transmission are yet to be completely understood. Factors such as airway anatomy and the quantity, composition and viscosity of sputum have been overlooked and methodologies to investigate them need to be developed.
Investigating transmission patterns of TB can help develop effective intervention strategies to control the disease. Exhaustive transmission tracing studies should be able to detect or rule out transmission between cases, track the successive acquisition of single nucleotide polymorphisms (SNPs) along the chain of transmission and differentiate between primary and acquired resistance phenotypes while accounting for host diversity. However, TB infections are notorious for their heterogeneity within the same host as the lengthy infection period allows for microevolution of the bacilli within the duration of one infection cycle. 17 On the other hand, the pathogen has a slow-replication rate and a proclivity towards low genetic diversity. Thus the bacilli may either show no genetic diversity or the presence of multiple SNPs between contacts making it extremely difficult to trace transmission using their gene sequence alone. Caroline Colijn (Imperial College London, UK) suggests combining dated phylogenetic trees with statistical modelling to reveal the likelihood of a transmission tree using Markov chain Monte Carlo simulation/Bayesian inference methods. 18 However, using statistical methods to infer the transmission of the tubercle bacilli requires computationally intensive inference methods which suffer from the limitations of the available data and assumptions made to build the models as indicated by Jarno Lintusaari (Aalto University, Finland). 19 The complexity of the process makes it difficult to draw reliable inferences from statistical models of transmission dynamics.
Albert Nienhaus (University Medical Center, Germany), James Seddon (Imperial College London, UK) and Robert Wilkinson (University of Cape Town, SA) discussed the hurdles in the control of transmission amongst different sets of high-risk individuals-healthcare workers, children and HIV patients.
Talking about occupational acquirement of disease, Prof Nienhaus stated that TB is one of the most infectious disease affecting healthcare workers (HCW) in Germany. 20 The situation is worse in countries such as Portugal and France where occurrence rates are decidedly higher at 33% and 19% compared to Germany's 10%. 21, 22 HCW, especially physicians and nurses are at a higher risk of acquiring active and latent TB infection (LTBI) because of prolonged and frequent contact with infected patients. In contrast, this group has lower transmission rates to contacts than other groups of infected individuals as a result of frequent health checks. 23 After close scrutiny of the screening data of 32 practitioners, Prof Nienhaus recommended an annual screen of HCW at high-risk due to contact with highly-infectious patients. However, screening guidelines issued by the public health systems of different countries suggest a varied combination of X-ray, tuberculin skin test (TST) and interferon-γ release assays (IGRA) with no consensus on the best strategy. 24, 25 He suggested that in circumstances when IGRA is positive and X-ray negative, LTBI can be confirmed and followed by prophylactic measures if the risk of avoiding treatment is deemed higher than the risk posed by administering it. Encouragingly the detection of LTBI in HCW has been increasing over the years as diagnostic technologies improve and it is expected that investigations into the risk-reward dynamics of treatment will allow for the development of a uniform global solution.
Another group at high-risk of acquiring the disease owing mainly due to their association with infected adults are children. In spite of one million cases of TB being reported in children, very little is being done to understand the pathogenesis and treatment options available for them. Dr Seddon has been working towards improving our understanding of treatment and prevention option of MDR-TB in children. 26 TB in children and infants is difficult to diagnose as sputum collection is difficult. Complicating matters further, the disease manifests in multiple forms including infection of the intra-or extrathoracic lymph nodes. 27 Hence treatment must be tailored according to child's needs and health status.
Though studies point out that almost all children who are diagnosed, complete their therapy and have very good outcomes; regimens for MDR-TB in children require an overhaul as the pharmacokinetics and toxicity of drugs in children are significantly different from that observed in adults. 28, 29 The regimen for drug-susceptible TB in children is the standard six month combination therapy where rifampicin, isoniazid, and pyrazinamide are administered for the initial 2 months followed by 4 months of rifampicin and isoniazid. 30 In children suffering from HIV and TB, additional ethambutol is advised in the first two months. Future trials to assess TB prevention strategies include TB-CHAMP to evaluate levofloxacin in children under 5 and ACTG A5300 to evaluate levofloxacin and isoniazid in adults and children amongst several others. 26, 31 As new and repurposed drugs enter the therapeutic regimens, evaluation of their pharmacokinetic properties in children remains essential.
Prof Wilkinson and his team are looking at the association between TB and HIV in Khayelitsha, South Africa. Khayelitsha is an impoverished township where the prevalence of TB is one of the highest seen around the world. Antenatal HIV prevalence is reported to be 25% of the total population wherein almost 40% have the risk of developing active TB. 32 Furthermore, 76% of TB cases are also HIV positive. 32 The team carried out a randomised controlled trial of antiretroviral therapy (ART) alone and isoniazid preventive therapy (IPT) combined with ART (cART) for prevention of HIV-associated TB. The results indicated that isoniazid added to the anti-viral therapy reduces the risk of TB by 35% as observed after a year of IPT therapy. 33 He also estimated that individuals infected with HIV have around thirty times the risk of acquiring active TB due to immunosuppression and in very high incidence environments, a reinfection is more common than an endogenous reactivation of disease. 34 
Mycobacterium tuberculosis: a closer look
The genus Mycobacterium has undergone several speciation and genetic decay events to give rise to a variety of non-pathogenic and pathogenic species with varying host- Moving on from the clues in the genetic code to the message-relay system, Eric Galburt (Washington University School of Medicine, USA) discussed the kinetics and energetics of transcription initiation in mycobacteria. Though a fundamental biological process that is common to, and conserved in bacteria; transcription rates vary largely between E. coli and mycobacterial species owing to the differences in stability of the intermediate complexes The initiation factors are positioned near the upstream edge of the transcription bubble. 43, 44 Techniques such as fluorescent labelling were used to study the open complex using M.
bovis RNAP which is known to form open complexes that are more unstable as compared to E.coli RNAP. It was found that the initiation factors act independently and cooperatively to regulate transcription and the only in the presence of both factors does the transcription kinetics in mycobacteria appear to be similar to that observed in E. coli. 45, 46 As both factors are known to play important roles in pathogenesis, global rRNA/gene expression levels and resistance to stress and antibiotics, they would serve as good targets for drug design.
A major challenge to the development of effective drugs and treatment regimens against M.
tuberculosis is the heterogeneity of the infecting population of bacilli which include actively replicating and dormant cells known as persisters. Persister cells are quiescent, highly tolerant towards antibiotics and other external stresses and under favourable conditions can revert to actively dividing states. 47 Detection of these cells is near impossible as conventional microbiological techniques of culture cannot identify them. These cells can be generated in vitro in prolonged stationary phase culture or gradual acidification of culture medium. They can then be reverted to their actively replicating physiology by exposure to resuscitation promoting factors (Rpfs) and are also known as Rpf-dependent cells. 48 Rpfs are secreted or cell-wall bound enzymes produced by actively dividing mycobacteria.
They are structurally and functionally similar to lysozymes and are essential for resuscitating dormant cells. 49 There are five Rpfs in M. tuberculosis and they have been found to be important for persistence and reactivation of infection in mice. RpfA, B and E are secreted and found in culture filtrates whereas RpfC is cell-bound. 50 RpfD is upregulated during infection. Once revived, Rpf-dependent cells lose this characteristic dependency during in vitro passages.
Rpf-dependent mycobacteria are very importantly in the clinical aspect. 48 Rpf-dependent cells are inherently more resistant to several drugs such as rifampicin, isoniazid and streptomycin. 53 As it is more difficult to get rid of Rpf-dependent mycobacteria they are found to be enriched in treated TB patients. As persisters are often a cause of treatment failure and post-treatment relapses it is essential that evaluation of TB treatment regimens accounts for elimination/induction of this group of cells. 47 This is mainly owing to the Rpfdependent bacilli which are highly tolerant to the drug and appear to decrease with increasing concentrations of rifampicin but cannot be completely eradicated. 47 When they incubated infected mouse lung tissues (2 week infection time) with culture filtrate containing Rpfs, the persister cells could be revived even after the mice were administered with high-dose rifampicin treatment. They used the Cornell model to study the efficacy and relapse rate of different drug treatment regimens, wherein the infection was allowed to establish for 3 weeks and then treated with drug combinations for 14 weeks. On the end of treatment period the mice were given hydrocortisone to suppress the immune system to study relapse rate. As noted with the earlier model, dose-dependent killing of bacteria was observed. It was also noted that higher doses of rifampicin can enable shortening of treatment time however, a small subset of Rpf-dependent bacilli still persist in the host tissues.
Galina Mukamolova (University of Leicester, UK) introduced the concept of drug-induced
Rpf-dependency in M. tuberculosis. Treatment with rifampicin, isoniazid and ethambutol was shown to induce Rpf-dependency, whereas no such effect was observed in the case of treatment with streptomycin and amikacin. 53 Thereby it is critical that drugs be tested for their propensity to induce Rpf-dependency. Towards this end, Mukamolova and co-workers strived to design a simple assay to determine potential of drugs to induce Rpf-dependency.
Rpf-dependent mycobacteria can be generated during infection in mice. However, these models are difficult to process in a high-throughput setting. To adapt this to in vitro settings, the Mukamolova group synthesised novel nitric oxide donors which could induce persister phenotype in M. bovis cells. These in vitro systems can thus be used for validation of novel drugs and the search for Rpf-dependency biomarkers alike.
Another model for persistence, using the toxin-antitoxin (TA) modules found littered in the M. tuberculosis genome, was discussed by Shaleen Korch (Midwestern University, USA). Out of the 88 putative TA modules identified, around 30 have been assigned functions. 55 These are typically two-gene operons, wherein one encodes a toxic protein and the other encodes an antitoxin that binds to and inhibits the toxin. 56 Regulation of these modules is controlled mostly through auto-repression of transcription of the operon by the antitoxin. However, upon exposure to stresses encountered during infection a certain subset of these modules are activated. Given that in E. coli, these systems are known to be involved in generating persisters, their role in controlling M. tuberculosis division rates during infection needs further investigation. 57 Korch chose to focus on the RelBE system which inhibits translation through mRNA cleavage. 58, 59 By generating strains that overexpress the toxins followed by antitoxin rescue they demonstrated a persistence phenotype wherein only 20% of total translation was observed. 60 This model will enable further investigation into the stages of persistence namely, entrance, maintenance and exit. eATP and its breakdown product, adenosine are known to act as a chemotactic signals leading to enhanced migration of neutrophils and macrophages to the site of inflammation. 68, 69 eATP is known to activate several receptors that in turn induces cell death by necrosis, formation of ion channels or pyroptosis. 70 These mechanisms enable release of bacteria from the phagocytic cells and it has been observed that TB caused by hypervirulent mycobacteria is attenuated in mice that lack the P2X7 receptor and there is a decrease in disease dissemination. 71 The wild-type cells with active P2X7 die of necrosis which contributes to release of the hypervirulent mycobacteria. 71 Histological analyses also revealed less inflammation-induced damage in the knockout mice thus demonstrating that P2X7 signalling contributes to the pathology in a severe infection model. The group also noted that specific CD4 cells in the pulmonary parenchyma of mice infected with virulent mycobacterial strains are suppressed. In zebrafish with mutated CXCR3 receptor, random motility of macrophages is reduced.
Host responses to M. tuberculosis
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This motility defect correlates with reduction in number and size of granuloma translating to the decrease in total burden of infection. Inhibition of the CXCR3 receptor showed reduction in granuloma formation and previous studies showed CXCR3 deficient mice to exhibit an increased resistance to infection. 73 Hence targeting granuloma formation through the use of immunomodulatory drugs could help develop host-directed strategies that may work synergistically with chemotherapy and lower the risk of new resistance arising.
Using zebrafish as a preclinical model they tried several methods to (a) inhibit granuloma expansion (b) reverse the inhibition of phago-lysosome fusion and (c) stimulate antimycobacterial autophagy and autophagic efflux. 74 Autophagy is an immunological defence system and numerous in vitro studies show that inhibition of autophagy promotes the growth of M. tuberculosis within host tissues.
DNA damage related autophagy modulator1 (DRAM1) is upregulated during M. marinum infection dependent on the TLF/MyD88 pathogen recognition pathway. 75 On overexpressing dram1 the fish larvae develop lower infection levels and smaller granuloma.
Early diagnostics: the key to tackling TB?
Out of the 9.6 million estimated cases worldwide in 2014 only 6 million were reported through national surveillance centres. Most of the 3 million undiagnosed cases are believed to be from regions where health services are weak. This is mainly owing to under-reporting and under-diagnosis. Under-reporting occurs when diagnosis and treatment are done in the private sector which is dis-associated from nationalised schemes. Secondly, paediatric services are often poorly-linked to the national TB services and children often go undiagnosed as detection of TB in these cases is especially difficult. Poor access to health care in low-income countries is the primary cause for under-diagnosis and many patients are lost to follow-up. Most health centres carry out passive case finding whereas Luis E.
Cuevas (Liverpool School of Tropical Medicine, UK) believes a more active approach incorporating outreach services could improve the situation. He compared two case studies of active case finding; one carried out in Ethiopia which has an active health extension programme and the other in Nigeria, which discontinued its health extension programme several decades ago. The study was carried out in the slums around Abuja in Nigeria. With the help of retired health extension workers (HEWs) and using resources such as the polio eradication census data, house-to-house visits were made to collect two sputum samples 40 minutes apart. The results were notified at the individual's home or through a phone call.
The case detection rate was doubled after the effort with increased diagnoses for women and the older population. 76 Ethiopia has a well organised health extension programme. In the study, the HEWs were provided basic health packages that were delivered on their house visits every 14 days. The main aim of the exercise was to improve TB case findings and treatment outcome. The
HEWs were trained on case identification, collection of sputum and preparation of smears which were then dropped at the local laboratories. Once results confirmed TB infection the supervisor initiated treatment at home and domestic contacts would be screened. There was at least a two-fold increase in detection from the previous year thereby clearly demonstrating improvements in TB case findings using the active case-finding approach.
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Andrew Curtis (Kent State University, USA) also supported this approach, he discussed the use of spatial video-camera footage and geo-narratives to enable active-contact tracing of the homeless and drug-user population who are at high-risk of acquiring the disease in developed countries.
Sputum smear microscopy remains the mainstay of classical diagnostic tests used in low and middle-income countries with high-TB burden. 79 This method is easy to perform, cheap and rapid but its use is limited due to poor sensitivity and specificity especially in paediatric cases, HIV patients and patients with low sputum bacterial loads. 80 Liquid and solid culture techniques can take up to 3 weeks to obtain results at which point patient tracing may become difficult resulting in TB-infected individuals receiving no treatment and disseminating the disease within their communities and households precipitating the situation further.
In an effort to develop a non-invasive, diagnostic strategy for TB using breath samples, tuberculosis antigens biomarkers that are elevated in TB patients. Interestingly, they found the antibody profile levels among TB patients are gender biased and linked to treatment success. 85 Immunobiomarkers in TB are valuable to understand host responses against the pathogen and this area could be further explored for development of TB diagnostics and treatment.
Genomics, proteomics and transcriptomics are approaches that have been extensively utilised to characterise M. tuberculosis. Recently, metabolomics, a newer approach, has been complemented into the "omics" revolution to provide a more complete insight into the pathogen's complex internal systems. 86, 87 Metabolomics investigates all intra-and extra-cellular metabolites (small molecule intermediates and product) in a biological sample using highly specialized analytical techniques to create a metabolic profile and measures any dynamic responses to stimuli or genetic modifications. [88] [89] [90] Du Toit Loots (North-West University, SA) is interested in characterizing M. tuberculosis using metabolomics and identifying its characteristic metabolite signatures. This approach can identify between the different species of mycobacteria using specific metabolite markers, although the species are known to have minor genetic variations, illustrating the sensitivity of this approach. 86 Prof Loots conveyed his optimism of the possibility of using metabolite markers to build diagnostic models based on systematic approaches in metabolomics research. [91] [92] [93] It could also assist in finding the association between TB and its symptoms; for example, increase epinephrine levels can predict weight loss and insomnia in patients. In the future, this approach could also be used to diagnose drug resistant TB and for prognosis. 94 Nucleic acid amplification tests (NAATs) are molecular diagnostic approaches that were developed to improve the sensitivity and specificity in diagnosing TB, and most importantly, to detect MDR-TB infections. The GeneXpert® MTB/RIF Ultra was introduced to this year's TB Summit, highlighting the significant improvements on its earlier version. Elisa Tagliani tuberculosis rpoB mutations. With these advancements they hope to enhance the sensitivity of the assay close to liquid culture.
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Eric R. Houpt (University of Virginia, USA) spoke about the TaqMan array card (TAC). It is a genotypic method to detect pathogen mutation which provides two layers of accurate detection of mutations via sequence-specific probes and high-resolution melt analyses (HRM). It can detect mutations in genes that are indicated in resistance, such as rpoB, inhA, embB, gyrA to name a few. 96 The method is easy to perform, reproducible and has good sensitivity and specificity. It has the potential to improve MDR-TB and XDR-TB detection hence improving the appropriateness and efficacy of TB treatment.
Many of the commercially available NAAT formats are inaccessible in resource-poor centres due to the high costs related to instrumentation and consumables. PURE-TB-LAMP, a TB NAAT test, claims to be simple, fast, robust, sensitive (compared to smear microscopy) and affordable (compared to other NAAT platforms). Yasuyoshi Mori (Eiken Chemical Co., Ltd., Japan) spoke about this screening test kit that uses loop-mediated isothermal amplification (LAMP) that removes the needs for costly thermocycler or detection systems. 97 The kit 109 The whole-cell or ethanol extracted surface antigens were used and both polyclonal as well as monoclonal antibodies were raised using phage display technology. M. tuberculosis secretes a protein called Antigen 85 (Ag85). Antibody genes from a naïve library were selected and were cloned into yeast display systems. This combination of phage and yeast display was used to produce antibodies against Ag85. Clones were screened for the highest antigen binding revealing 7 antibody pairs that can detect Ag85 at nanomolar concentrations, however none of the clones were strictly specific for one of the antigen 85 subunits of the complex. 111 Another study used 5 human antibodies against Ag85B from the naive libraries, where three of them bounded specifically to the 85B proteins as tested by ELISA. 112 Monitoring host response to TB treatment can identify the efficacy of treatment and predict the likelihood of relapse. The current method to validate treatment success is through bacteriological culture conversion at 2 months from the onset of therapy. Bacterial transcriptomics offers a new avenue to study elimination of the pathogen from the patient.
Dimitrios Evangelopoulos discussed molecular methods to detect the decline of bacterial load during treatment as a biomarker of infection progression. The method utilising detection of mycobacterial RNA has been developed from using an artificial matrix resembling sputum samples and applied to a clinical case concerning a 12 year old patient. 113 In this case, staining methods detected the presence of acid-fast bacilli however liquid culture assays could not detect any live bacilli. On using the molecular bacterial load (MBL) assay, the patient was shown to have a high bacterial load and the treatment regimen was modified to include moxifloxacin. After a year of treatment, both MBL and staining assays did not detect any bacilli and the patient was confirmed as cured.
A pilot study with mice established that this assay can also be used with tissues from animals. MBL and colony forming unit (CFU) assays on the tissues of mice undergoing different treatments revealed that both the assays agreed with each other, with the former consistently detecting higher numbers of cells probably as a result of detecting the non culturable cell population. 113 Therefore, the MBL assays can serve as a rapid and sensitive diagnostic and treatment monitoring tool, offer insight on drug efficacy and may be used in drug discovery.
Drug Discovery: moving past the roadblocks
The search for novel therapeutic targets
Since the landmark announcement of the complete genome sequence of M. tuberculosis, there has been a focussed drive to identify important genes and visualise their protein products enabling target-based drug design projects to take-off. Tom Blundell (University of Cambridge, UK) is interested in exploring the biological space-going from genome to proteome. The traditional techniques of wet-lab research to understand the proteome of the pathogen need to be underpinned by systems biology approaches. To this end Prof
Blundell's group has been working on Chopin, which inherits the information of the known structures for around 400 proteins and uses it to predict models for the remaining 3,500 protein structures. 114 Based on the information in publicly available databases; interactions, ligands and the oligomeric states of many of the proteins can be deciphered. This information can then be fed into structure-guided, fragment-based approaches in drug discovery. The rationale of this strategy is to use small molecules with promiscuous binding affinities to interrogate the substructures present with the protein targets using standard biophysical ligand binding assays. The hits are then optimised to yield a molecule which binds to the target protein at nanomolar concentrations. Using this approach they were successful in developing inhibitors against EthR, the transcriptional repressor for ethionamide activating protein. 115 As development of mutations is a major disincentive for anti-TB drug development industry, Prof Blundell also discussed the use of second generation sequencing technologies to develop a knowledge-based approach to understand evolutionary dynamics. The effects of single nucleotide polymorphisms on protein stability, protein-protein/nucleic acid/ligand affinity can now be ascertained by using mCSM, another useful web-service tool developed by the group. 116 Identifying drug targets that are druggable is an essential step towards rational drug design.
The mycobacterial cell wall is unique from Gram-positive and Gram-negative organisms and is a good source for anti-mycobacterial drug targets as discussed by Sanjib Bhakta (Birkbeck, University of London, UK) and Dirk Schnappinger (Weill Cornell Medical College, USA). It has a mycolic acid-arabinogalactan-peptidoglycan complex forming the cell wall core, a characteristic feature that has caught the attention of several researchers over the years.
Disrupting M. tuberculosis' mycolic acid has proved to be an excellent strategy to target the pathogen as illustrated by the success of drugs such as isoniazid, ethambutol and pyrazinamide, all of which target mycolic acid synthesis. However, the increasing emergence of resistance in M. tuberculosis strains to these drugs has heightened the need for novel targets. Biotin is an essential co-factor for all acyl-CoA carboxylases (ACCases), which play a role in providing building blocks for the synthesis of the fatty acid component in M. [126] [127] [128] [129] Additionally, as cell division and cell wall biogenesis are stringently controlled, cooperative processes, it is no surprise to find the mur ligase genes clustered in the cell wall division (dcw) operon, further indicating that targeting this pathway will have knock-on effects on co-regulated pathways.
The mycobacterial divisome is a multi-factorial complex that assembles at mid-cell and brings about cleavage of the bacterial resulting in the formation of two daughter cells.
Disruption of the cell division process can severely impact the infectivity of the pathogen.
With this in view, Tim A. Cross (Florida State University, USA) investigated two recruits of the divisome, CrgA and ChiZ about whom little is known. The structure of mycobacterial
CrgA has been modelled with and without the division protein FtsQ. Using solid-state NMR they found CrgA to comprise of two transmembrane helices with very precise rotation axes.
The exposed glycine residues on the structure are expected to be involved in binding to the proteins in the divisome. 130 The N-terminus of CrgA is intrinsically disordered, however, Dr
Cross suggests that in the lipid interface it would probably take up the conformation of a β-sheet.
In contrast to expectations, rational drug design has not yielded the number of potential lead drug candidates that were obtained from whole-cell phenotypic screening methods such as the one discussed by Dr Bhakta. SPOTi is a solid-culture based technique wherein an optimised number of bacteria are spotted on to agar containing a series of dilutions of inhibitor molecules. [131] [132] [133] This method has been adapted to 96-well microplate format thereby increasing the throughput.
However, once a potent inhibitor of mycobacterial growth is found it is essential to identify the endogenous target of the molecule. There are several available technologies for target identification such as genomic-, affinity-and knowledge-based approaches. Cristiano V.
Bizarro (PUCRS, Brazil) spoke about pulse proteolysis and precipitation for target identification (PePTID). 134 It is an energetics-based method where protein extracts are incubated with or without a ligand followed by the application of a brief proteolytic pulse and trichloroacetic acid precipitation. Mass spectrometry is used to analyse the results and as a proof-of-concept they applied the methodology to identify ATP-binding proteins using Musa acuminata and Olea europaea. 141 Extracts from various parts of the plants were prepared by maceration using hexane, chloroform, methanol and water. The plant extracts were tested using the microplate alamar blue assay and tested against M. tuberculosis and its MDR isolates. The hexane extract of the fruit peels of Citrus aurantiifolia were fractionated by column chromatography and the major compounds were elucidated by NMR spectroscopy and GC-MS. Several compounds such as coumarins, linoleic acid, palmitic acid and oleic acids were identified, many of which were volatile and found to inhibit the growth of the pathogen.
Anti-microbial peptides (AMP) are essential part of innate immunity that helps in combating various pathogens. These generally act through disruption of the bacterial cell membranes.
In aqueous environments, AMPs exists as single molecules. On contact with membranes they get ordered and form pores in the membranes. Their action is rapid and effective even against highly drug-resistant strains hence have potential to be used as adjunctive treatment. Some of them are currently under clinical development for treating several bacterial infections. However natural AMPs are not good drug candidates due to their large size leading to higher production costs. Drawing inspiration from nature to draw out new AMPs, Jasmeet S. Khara (King's College London, UK) adopted rational design to produce peptides with less likelihood to induce resistance and those that demonstrate synergism with standard antibiotics. 142 There are various strategies to modify AMPs such as synthesising peptide conjugates, peptidomimetics and producing hybrid peptides. They focussed on de novo design and came up with a primary sequence containing four amino acids (xxyy)n where 'x' and 'y' are hydrophobic and cationic residues respectively with 'n' number of repeats. Sequences containing repeating leucine and lysine residues such as (LLKK) 2 as the backbone with short amphipathic α-helices were found to be antimycobacterial. On addition of methionine residues to the α-helical part, the hydrophobicity of the peptide increased which made its insertion into the cell membrane more efficient.
The peptides exhibited synergism with first line ant-TB drugs and were effective against drug-susceptible and drug-resistant strains of M. tuberculosis. The mechanism of action of these peptides was analysed by scanning electron microscopy and live-cell imaging of treated mycobacteria. In the presence of peptides, the membrane of bacterial cells was more permeable to dye.
Drug repositioning: a promising alternative strategy for drug discovery?
Repurposing has emerged as an attractive strategy to discover drugs that can be directly added to the arsenal of drugs used to treat TB infections. Susanne Brighenti (Karolinska Institute, Sweden) is interested in enhancing the host's innate defence system as an alternative strategy for the treatment of infectious diseases. A combination of vitamin D3 and 4-phenylbutyrate (PBA) exhibit a synergistic effect on the production of LL-37 in different cell types. LL-37 is an AMP which induces autophagy in M. tuberculosis infected human macrophages. 143, 144 Increased production of LL-37 could potentially enhance killing of both extra-cellular and intra-cellular bacteria as reported earlier. There is no significant clinical or microbiological data of the effects of treatment with these drugs. Therefore, based on a study carried out in Bangladesh on shigellosis, clinical trial studies were designed for execution in Ethiopia and Bangladesh. 145 The serum baseline level of vitamin D3 of the population in Ethiopia was found to be low and supplementation was recommended. The randomised double-blinded clinical trial using daily supplementation of vitamin D and PBA as adjunct treatment for standard chemotherapy was conducted to examine the combined effects on production of LL-37. Both increased production of LL-37 in human macrophages and LL-37 dependent autophagy in infected macrophages. They also observed reduced clinical symptoms with enhanced recovery and rapid sputum culture conversion on adjunct therapy with vitD3 alone or in combination with PBA. Therefore, vitD3 and PBA can counteract down regulation of LL-37 during infection which can have positive impact on reducing antibiotic requirements for cure.
145-147
Dr Bhakta's group reported the common, over-the-counter non-steroidal anti-inflammatory drugs (NSAIDs), ibuprofen and carprofen to be anti-tubercular. 131, 148, 149 They were found to be active against drug resistant strains and stationary phase mycobacteria. The endogenous mechanism of action of these drugs is still under debate, however, transcriptomic analyses reveal that the drugs may have pleiotropic effects on the pathogen. Additionally, the immunomodulatory effects of NSAIDs and the protection it offers from tissue inflammation and damage is the leading argument to include this class of drugs as host-directed adjunct therapies to complement the standard anti-TB treatment in an effort to improve treatment outcomes.
M. tuberculosis possess a two-regulatory system PhoPR, that is important in sensing and responding to the acidic environment found in macrophages and using it to its own advantage. Robert Abramovitch (Michigan State University, USA) strived to find a compound that inhibits the regulatory system making the pathogen susceptible to the host's immune responses. Whole-cell phenotypic screens were employed to identify inhibitors of the regulon. High-throughput screens of nearly 220,000 compound libraries identified ethoxzolamide to inhibit the regulon while having no effect on the growth of the pathogen.
Ethoxzolamide is a carbonic anhydrase inhibitor which is used to treat glaucoma and duodenal ulcers. Transcriptional studies show ethoxzolamide to down-regulate 45 genes in M. tuberculosis. These genes are known to control lipid synthesis, carbon metabolism and virulence. As a main finding of this study, they state that ethoxzolamide does not change M.
tuberculosis' pH homeostasis but inhibits its pH-dependent adaption and virulence. 
Conclusion
There is significant evidence to support the fact that developing cheap and reliable diagnostics would be pivotal in the control this disease. Diagnostic tests with low turnaround times will reduce the number of patients lost to treatment; additionally, those that can profile drug susceptibility will improve treatment outcomes. Lateral flow assays and molecular diagnostics offer a lot of hope in this regard. Their initial successes will hopefully garner interest and funding for improving on the respective technologies.
Early and accurate detection of the disease can only be an effective means of control if an arsenal of robust, effective drugs against a spectrum of resistance phenotypes exists. To overcome hurdles of developing novel chemical entities from scratch, researchers are now making informed decisions and focussing their efforts in alternative approaches including strategies such as repositioning drugs, host-directed therapy and improving on previously unsuccessful drug candidates. These strategies have now populated the clinical trials pipeline with more molecules and possibilities than seen since the golden age of antibiotic discovery.
